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Retrodirective Large Antenna Energy Beamforming
in Backscatter Multi-User Networks
Ioannis Krikidis, Senior Member, IEEE
Abstract—In this letter, we study a new technique for energy
beamforming (EB) in multi-user networks, which combines
large antenna retrodirectivity at the transmitter side with signal
backscattering at the energy receivers. The proposed technique
has low complexity and achieves EB without any active operation
at the receivers or complicated signal processing techniques at
the transmitter. Since the average harvested energy depends on
the backscattering coefficients, we investigate different reflection
policies for various design objectives. The proposed policies are
analyzed from a system level standpoint by taking into account
spatial randomness.
Index Terms—Wireless power transfer, retrodirectivity,
backscattering, massive MIMO, stochastic geometry.
I. INTRODUCTION
W IRELESS power transfer (WPT) through dedicatedradio-frequency (RF) radiation has been introduced as
a promising technology for energizing low-power devices [1].
It is relevant for future mobile networks, where the majority
of billion of devices will be low-powered and autonomous. To
increase the range of WPT and boost the end-to-end power
transfer efficiency, several techniques have been proposed in
the literature that incorporate new circuit designs, network
architectures and recent advances in signal processing such
as energy beamforming (EB) [2].
EB refers to systems with multiple antennas and enables
focusing the transmitted energy to the direction of the re-
ceivers. The implementation of EB requires channel state
information (CSI) at the energy transmitter (ET), which be-
comes a critical assumption for WPT systems, since the energy
capabilities of the energy receivers (ERs) are limited. To tackle
this problem, most of works consider a quantized feedback
and/or exploit the channel reciprocity in association with
different channel learning methods [3], [4]. In [5], the authors
introduce an alternative EB scheme that does not require
channel estimation, by exploiting the concept of large antenna
retrodirectivity. However, its implementation requires signal
transmission from the ERs, which could be costly for WPT
scenarios. On the other hand, the work in [6] studies EB in a
backscatter communication system, where CSI is acquired by
leveraging the backscatter signal that is reflected back from the
ERs. A beneficial combination of backscatter communication
and retrodirective beamforming for EB is introduced in [7];
however, a theoretical analysis is not provided.
In this letter, we study a new EB technique for multi-
user networks that combines large antenna retrodirectivity with
signal backscattering. The proposed technique overcomes the
limitations of the previous works in [5], [6], and achieves
EB without CSI estimation at the ET and without signal
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transmission at the ERs. We show that the achieved energy har-
vesting performance depends on the backscattering reflection
coefficients. Different reflection policies that correspond to
different complexities and energy harvesting performances are
investigated. The proposed EB technique and the associated
reflection policies are analyzed from a system level point of
view by using stochastic geometry tools.
II. SYSTEM MODEL
We consider a single-cell consisting of an ET and multiple
randomly deployed ERs, where the coverage area is modeled
as a disc D with radius ρ and an exclusion zone of radius
ξ > 1. The exclusion zone captures potential safety issues i.e.,
ERs are prohibited to be close to the ET [8]. The ET employs
a large number of antennas, denoted by M , while the ERs
are equipped with single antennas. We assume that the ERs
are located according to a homogeneous Poisson point process
(PPP) Φ = {xi} with a density λ that ensuresM ≫ K , where
K is the number of ERs in D (i.e., Poisson distribution with
mean λπ(ρ2 − ξ2) [9]).
The ET is connected to the power grid and transmits with a
fixed power Pt; its antenna array has (digital) retrodirectivity
properties and thus it can re-transmit a signal back along the
spatial direction of the incoming signal without any a-priori
knowledge of its point of origin [10]. On the other hand, the
ERs do not have any local power supply and they power their
functionalities through WPT by using the signal of the ET.
Specifically, the ERs operate in a backscattering mode, where
part of the received signal is reflected back by adapting the
level of antenna impedance mismatch; let 0 ≤ βi ≤ 1 be the
reflection coefficient for the i-th ER.
The large-scale path loss is assumed to be d−αi , where
di ≥ ξ denotes the Euclidean distance between the i-th
ER and the ET, and α > 2 is the path-loss exponent; the
exclusion zone ensures a bounded path loss region with radius
ξ. We assume a Rayleigh block fading [5], [8], where the
channel between the ET and the i-th ER is an uncorrelated
Gaussian vector with elements having zero mean and unit
variance i.e., f i = [fi,1, . . . , fi,M ]
T ∼ CN (0, IM ). We
assume channel reciprocity and thus the channels for uplink
and downlink are equivalent and constant during one block, but
vary independently from block to block. It is worth noting that
the proposed scheme becomes less interesting for scenarios
with strong line-of-sight components (e.g., for Rice fading
channel, the omnidirectional EB approaches the performance
of the perfect EB as the Rice factor increases).
III. RETRODIRECTIVE EB WITH BACKSCATTERING
The proposed EB technique combines a retrodirective beam-
forming at the ET with a passive backscattering process at the
2ERs. The EB technique consists of two phases, as described
below.
A. Backscattering phase
The first phase enforces the ERs to notify their spatial
direction to the ET by using their backscattering capabili-
ties. More specifically, the ET generates and broadcasts an
unmodulated single-tone waveform x(t) =
√
2Pt cos(2πfct)
with 0 < t < τ , where fc is the carrier frequency and τ
is the duration of the waveform1; the power is symmetrically
divided toM antennas. Each ER operates in the backscattering
mode and reflects back a part of the received signal without
further processing. The received signal (complex baseband
representation) at the ET is given by
y(t) =
∑
xk∈Φ
√
βk(Pt/M)d
−2α
k gkf k +n(t), (1)
where gk =
∑M
m=1 fk,m denotes the equivalent channel for the
downlink (sum ofM complex Gaussian random variables with
unit variance), f k is the uplink channel due to the reciprocity,
and n(t) is the additive white Gaussian noise (AWGN) vector
with n(t) ∼ CN (0, σ2IM ). Note that the path-loss exponent
is doubled as a result of the dyadic backscatter channel.
B. EB phase
In the second phase, the ET exploits large antenna retrodi-
rectivity and uplink/downlink channel reciprocity and effec-
tively forms coherent beams back to the ERs. More specif-
ically, the ET performs matching filtering on y(t) to detect
the phase of the received signal; then it transmits an energy
signal with a power Pt by employing phase conjugation. The
energy transmit signal (baseband) can be written as xe = (w+
n˜)H/||w + n˜||, where w = ∑xk∈Φ√βk(Pt/M)d−2αk g∗kfHk
and n˜ ∼ CN (0, (σ2/τ)IM ) denotes the noise at the output
of the matched filter. Due to the channel reciprocity, the
received signal at the i-th ER can be expressed as yi =√
Ptd
−α
i xef i+z, where z is the AWGN component. By using
the energy conversion law and by ignoring energy harvesting
from AWGN, the harvested energy at the i-th ER becomes
Q(β, di) = ζ|yi|2 = ζPtd−αi︸ ︷︷ ︸
QOM(di)
+
ζPtMd
−3α
i βi|gi|2∑
xk∈Φ
d−2αk βk|gk|2 + Mσ
2
Ptτ︸ ︷︷ ︸
QΦ
RE
(β,di)
,
(2)
where ζ denotes the RF-to-DC energy conversion efficiency2.
Proof: The proof follows similar arguments with [5,
Lemma 3.1] and is based on the asymptotic massive
multiple-input multiple-output (MIMO) expressions [11] i.e.,
1
M
||f i||4 →M+1, 1M ||f i||2 → 1, 1M fHk f i → 0 (with k 6= i),
1
M
fHk n˜ → 0, 1M ||fHk n˜||2 → σ
2
τ
, and 1
M
||n˜||2 → σ2
τ
.
1The proposed scheme requires the orthogonality between single-tone
waveform transmission and retrodirectivity at the ET. An appropriate design of
the parameters τ , ξ as well as a time delay between reception/reflection at the
ERs ensures that the duration of the waveform is shorter than the round-trip
delays.
2A linear power channel is sufficient to demonstrate the proposed EB
technique [3], [4]; wireless power nonlinearities are beyond the scope of this
letter.
The harvested energy consists of two main components i)
an omnidirectional component QOM which only depends on
the location of the ER, and b) a retrodirective component QΦRE
that depends on the reflection coefficients βi of the ERs.
IV. AVERAGE HARVESTED ENERGY
In this section, we study the impact of reflection coefficients
on the achieved performance and we investigate different
reflection strategies.
A. Distance-inversion backscattering (DIB)
In this strategy, we enforce the average harvested energy
associated with the retrodirective component to be equal for
each ER. To satisfy this fairness requirement, we assume that
the reflection coefficient is a function of the location of each
ER i.e., βi = (di/ρ)
2α; this assumption ensures that the
reflection coefficient increases with the distance and takes the
maximum value (full reflection) at the edge of the cell. In this
case, the expression in (2) can be simplified as
Q(p, di) ≈ ζPtd−αi
[
1+
M |gi|2
|gi|2 +
∑
xk∈Φ,i6=k
|gk|2
]
for σ2→ 0,
(3)
where p = [(d1/ρ)
2α, . . . , (dK/ρ)
2α] and the average har-
vested energy is given by
QDIB = ζPtEΦ[d−αi ]
(
1 +ME
[
|gi|2
|gi|2 +
∑
xk∈Φ,i6=k
|gk|2
])
= ζPt
∫ 2pi
0
∫ ρ
ξ
x1−afd(x)dθdx
(
1 +ME[Z]
)
(4a)
=
2ζPt(ρ
2−α − ξ2−α)
(2− α)(ρ2 − ξ2)︸ ︷︷ ︸
Λ(ξ,ρ)
(
1 +
M
λπ(ρ2 − ξ2)
)
, (4b)
where fd(x) = 1/π(ρ
2 − ξ2) denotes the probability den-
sity function (PDF) of each point in the disc D, and (4b)
is based on the expected value of Beta distribution with
shape parameters M and (E[K] − 1)M , respectively, i.e.,
Z ∼ Beta(M, [λπ(ρ2 − ξ2)− 1]M).
B. Full backscattering (FB)
The FB reflection strategy refers to systems without further
intelligence, where the ERs fully reflect back their received
signals i.e., βi = 1 (∀ xi ∈ Φ). This scheme does not require
any coordination between the ERs and therefore provides
implementation simplicity. For the average harvested energy,
we state the following theorem.
Theorem 1. The average harvested energy achieved by the
FB scheme, is given by
QFB = Λ(ξ, ρ) +QFB(ξ, λ). (5)
Proof: The first term is associated with the omnidirec-
tional component of the harvested energy and is similar to the
first term of the DIB scheme (see (4b)), QFB(ξ, λ) refers to
the retrodirective component and is given in an integral form
in the Appendix.
For the special cases of highly dense/sparse networks with
σ2 → 0, we introduce the following statement.
3Statement 1. For σ2 → 0, the average harvested energy for
highly dense (λ→∞) and sparse networks (λ→ 0) converges
to the one achieved by the non-backscattering (βi = 0) and
beamforming (perfect CSI) schemes, respectively, i.e.,
QFB → Λ(ξ, ρ) for λ→∞, [Non-backscattering], (6)
QFB →MΛ(ξ, ρ) for λ→ 0, [Beamforming]. (7)
C. Binary backscattering schemes
In this strategy, the ERs operate either in a full-
backscattering mode or in a non-backscattering mode i.e.,
βi ∈ {0, 1}. Through this binary reflection mechanism, we
can control the harvested energy related to the retrodirective
component and provide design flexibility. The selection of the
operation mode is driven by two criteria, which are given in
the following discussion.
1) Distance-based binary backscattering (DBB): The first
criterion takes into account the spatial location of the ERs;
ERs that are located at a distance higher than ∆ from the ET,
fully reflect the received signal (βi = 1), otherwise remain
inactive (βi = 0). In this case, the average harvested energy
can be written as
QDBB = ǫΛ(ξ,∆) + (1 − ǫ)
[
Λ(∆, ρ) +QFB(∆, λ)
]
, (8)
where the first and second terms refer to the location range
(ξ,∆) and (∆, ρ), respectively, and ǫ = (ξ2−∆2)/(ρ2− ξ2).
The design parameter ∆ can be used as a means to provide an
energy harvesting balance among the ERs. More specifically,
the ERs that are close to the ET (di ≤ ∆) harvest sufficient
energy from the omnidirectional component and facilitate the
energy harvesting of the distant ERs by keeping silent. We can
design ∆ based on the max-min fairness that maximizes the
minimum average harvested energy and is given as follows
∆∗=arg∆∈(ξ,ρ)maxmin
{
QOM(∆), QOM(ρ) + Q¯
Φ(∆)
RE (1, ρ)
}
=
{
∆
∣∣∣∣∣ QOM(ξ) = QOM(ρ) + Q¯
Φ(∆)
RE (1, ρ) If T is true,
QOM(∆) = QOM(ρ) + Q¯
Φ(∆)
RE (1, ρ) elsewhere,
(9)
where T = {QOM(ξ) ≤ QOM(ρ) + Q¯Φ(ρ)RE (1, ρ)}, and
Φ(∆) = {xi ∈ Φ : ||xi|| ≥ ∆}. The above expression takes
into account the active/inactive ERs with the worst energy
harvesting performance and maximizes the minimum between
them; since we have closed form expressions for the harvesting
performance for both cases ((2), (14)), the optimal value ∆∗
can be found by numerically solving the equation in (9).
2) Probabilistic binary backscattering (PBB): Similar to
the DBB technique, the ERs either fully reflect the received
signal or remain inactive. In this case, the mode selection
is performed in a probabilistic way and thus the ERs with
a probability p operate in backscattering mode and with a
probability 1− p remain silent. The average harvested energy
can be expressed as
QPBB(p) = Λ(ξ, ρ) + pQFB(ξ, λp). (10)
Equivalently to the DBB scheme, p can be designed to boost
the energy harvesting performance of the worst case (i.e., ERs
located in the edge) such as
p∗ = argp∈(0,1)max
{
Q¯Φ
′
RE(1, ρ)
}
, (11)
where φ′ denotes a PPP with density pλ; due to the complexity
of the expression, p∗ does not have closed-form solution and
can be evaluated numerically.
D. Harvesting-target backscattering (HTB)
In the HTB scheme, we assume that each ER aims to
achieve a minimum harvested energy from the retrodirective
component of the received signal. Let Γi ≥ 0 denote the
energy harvesting target for the i-th ER. In this case, the
problem resembles to the conventional power control prob-
lem for time varying channels with user-specific signal-to-
interference-plus-noise ratio requirements, which admits on-
line distributed implementation (Foschini-Miljanic algorithm
[12]). Specifically, the reflection coefficient βi for the i-th ER
is given by the following iterative algorithm
βi(l + 1) = min
(
1,
Γi
QΦRE(β(l), di)
βi(l)
)
. (12)
The convergence properties of the iterative scheme have
been studied by Yates [13]; it is worth noting that the channel
gains between the ET and the ERs remain constant during the
iterations (e.g., stationary users with slowly-varying channels).
For the case where the problem is feasible and thus all ERs
satisfy the minimum harvested energy constraint with βi ≤ 1,
the backscattering coefficients are given in closed form i.e.,
β∗ = (IK − F )−1u, where u =
[
Γ1n˜1
d
−3α
1
|g1|2
, . . . , ΓK n˜K
d
−3α
K
|gK |2
]
,
and F is a K × K matrix with Fi,j = Γi|gj |
2d
−2α
j
|gi|2d
−3α
i
and
i, j = 1, . . . ,K [12].
V. NUMERICAL RESULTS
The simulation setup follows the description in Sec. II
with M = 500, λ = 0.01, fc = 900 MHz, α = 3,
σ2 = −150 dBm, τ = 10−8 sec, ξ = 2 m, ρ = 30 m,
and ζ = 1 (unless otherwise stated). In Fig. 1, we present
the average harvested energy versus the transmit power Pt for
the proposed reflection policies. The performance of perfect
beamforming (full CSI at the ET) and non-backscattering
(omnidirectional transmission) are given as benchmarks. As
it can be seen, the FB scheme significantly outperforms the
non-backscattering scheme and provides a performance that is
close to the perfect beamforming case. On the other hand, the
DIB scheme outperforms non-backscattering, while it provides
fairness among ERs (in comparison to FB).
Fig. 2(a) plots the average harvested energy of the DBB
scheme for different ER locations versus the distance threshold
∆. As it can be seen, the parameter ∆ provides an energy
harvesting balance among ERs located in different distances
from the ET. According to the expression in (9), the value
∆∗ that ensures max−min fairness corresponds to the cross-
over point between the average harvested energy of the ERs
located in distance ξ and ρ, respectively. In Fig. 2(b), we deal
with the performance of the PBB scheme. By controlling the
probability p, we achieve different energy harvesting balances
among the ERs; the optimal value p∗ is selected to maximize
the energy harvesting at the edge of the cell.
Finally, Fig. 3 deals with the HTB scheme and plots the
percentage of the ERs that can achieve a common harvesting
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target Γi = Γ from the retrodirective component versus
the transmit power Pt. The HTB scheme is based on the
distributed implementation (see (12)) with (maximum) 100
iterations; the FB scheme is used as a benchmark. We can
observe that as the harvesting threshold and the density of
users increase, the percentage of the ERs that satisfy the energy
harvesting constraint decreases. In addition, the HTB scheme
significantly outperforms the FB scheme and the performance
gain becomes more important as the transmit power increases.
VI. CONCLUSION
This letter has dealt with a new EB scheme for WPT multi-
user networks, which jointly combines large antenna retrodi-
rectivity with passive signal backscattering. The proposed
technique does not require CSI or active signal transmission
at the ERs, and the energy harvesting performance depends
on the reflection coefficients. Several reflection strategies
have been investigated and analyzed by taking into account
location randomness. The proposed EB technique has lower
power consumption than conventional counterparts and is a
promising solution for future machine-type communications.
An interesting extension of this work is to investigate the
proposed scheme for more complex networks with multiple
ETs.
APPENDIX
The complementary cumulative distribution function
(CCDF) of the harvested energy (associated with the
retrodirective component of the received signal) for a given
path-loss value d is written as
F (x|d) = F (x|di = d) = P(QΦRE(1, d) > x)
= P

|gi|2 > Y (x)

 ∑
xk∈Φ,k 6=i
d−2αk |gk|2 +
Mσ2
ζPtτ




= exp (−U(x))EΦ,g exp

−Y (x)
M
∑
xk∈Φ,k 6=i
d−2αk |gk|2


=exp(−U(x)) exp
(
−λ
∫
D
[
1−Egexp
(
−Y (x)|g|
2y−2α
M
)]
ydy
)
= exp(−U(x)) exp
(
−2πλ
∫ ρ
ξ
Y (x)y
Y (x) + y2α
dy
)
, (13)
where Y (x) =
x
ζPtd
−α−1
(M+1− x
ζPtd
−α )d
−2α , U(x) =
Y (x)σ2
ζPtτ
, |gi|2
follows an exponential distribution with rate parameter 1/M
and (13) follows from the probability generating functional
of a PPP [9, Sec. 4.6]. From the CCDF, we can calculate
the average harvested energy for a given path-loss value d as
follows
Q¯ΦRE(1, d) =
∫ (M+1)ζPtd−α
ζPtd−α
F (x|d)dx. (14)
With expectation over the path-loss values, we have
QFB(ξ, λ) = E[Q¯
Φ
RE(1, d)] =
∫
D
Q¯ΦRE(1, y)fd(y)ydy
=
2
ρ2 − ξ2
∫ ρ
ξ
∫ (M+1)ζPty−α
ζPty−α
F (x|y)ydxdy. (15)
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